Carbon assimilation rate (A) and stomatal conductance (g) are highly correlated. However, the slope of the A versus g relationship differs among species and environments resulting in differences in gas exchange efficiency which should reflect water use efficiency. The objective of this research was to determine the genetic variation for A and g in grain sorghum (Sorghum bicolor [L.] Moench.). Field experiments were conducted using 30 sorghum hybrids with four water supply treatments. A, g, and leaf water potential ( ¶',) of individual leaves were monitored every 15 to 20 days. Significant genetic variation existed among the hybrids for A and g. Plant age and water supply also affected A and g as expected. When A was regressed on g for each hybrid, large and significant differences existed among the slopes, implying differences in intrinsic gas exchange efficiency. The regression analysis of A and g versus ',, suggested that A was more sensitive than g to increasing water stress. Genetic differences in the rate of change in A as water stress increased were observed. Regression analysis was used to evaluate the individual hybrid response relative to other hybrids. Twofold difference in slopes existed for A. These results provide evidence for genetic variation in gas exchange rates which might directly contribute to whole plant water use efficiency and productivity.
environmental factors independently affect A and g, opportunity exists to detect genetic variation within a species for A and the A:g ratio, which implies differences in intrinsic WUE. Farquhar and Richards (6), Hubick et al. (1 1), and Condon et al. (3) demonstrated that carbon isotope discrimination (A), a measure ofincreased A:g ratio, and dry matter produced per unit water consumed were negatively correlated and that genetic variation existed for A in wheat (Triticum aestivum [L.]), peanut (Arachis spp.), and triticale (x Triticosecale rimpaui Wittm.). Genotypic differences for A were reported in C4 species also ( 12) .
Increasing WUE of sorghum is of major concern, since it is grown in semiarid parts of the world where water supply is the primary limitation to productivity. However, in sorghum, information on genetic variation for A and g and their response to environment is limited. Blum and Sullivan (1) and Krieg and Hutmacher (14) reported genetic variation for A, while Henzell et al. (9) and Hofmann et al. (10) presented evidence for genotype differences for g. Krieg and Hutmacher (15) have reported that A, g, and A:g ratio vary in a single sorghum hybrid due to plant age and water stress. Therefore, the objective of this research was to determine the extent of genetic variation for A and g in grain sorghum as a function ofdifferent environmental conditions provided through water supply and climatic conditions. Carbon dioxide and water vapor share a common pathway between the leaf mesophyll and the atmosphere, resulting in a relatively high correlation between A' and g. Tanner and Sinclair ( 19) have stated that due to this high correlation and the apparent constancy of Ci, there is little opportunity to increase A without increasing g. However, reevaluation of the A-g relationship has revealed that the physical limitation of CO2 supply to A is relatively small (7). Kuppers et al. (16) and Kuppers and Schulze (17) have reported independent responses of A and g to environmental factors such as temperature, humidity and radiation resulting in variation in the A:g ratio. In 1985, four water supply treatments were used to provide different degrees of plant water stress. They were (a) wellwatered treatment (i.e. 100% replacement of estimated evapotranspiration, ETa), (b) limited water treatment (i.e. 50% ETa replacement), (c) rainfed treatment (i.e. 0% replacement), and (d) stress during grain filling (i.e. 100% ETa replacement until flowering, with no watering thereafter). In 1986, there were only two water supplies, i.e. well watered Plant Physiol. Vol. 92, 1990 .n (2) . Gas samples (0.01 L) were extracted from the assimilation chamber (4.0 L volume) at the beginning and end of the 20 s assimilation period. The gas samples were analyzed using a Beckman 8652 infrared gas analyzer in the absolute mode with a span of 0 to 400 ,IL CO2 L' air.
Desiccant was used to remove any water vapor in the gas stream. The central portion of the uppermost, fully expanded 2 Use of a company name was for product identification and does not imply approval or recommendation of the product to the exclusion of others.
GAS EXCHANGE RATES IN GRAIN SORGHUM
leaf and the leaf immediately below the flag leaf were used for measurements before and after flowering, respectively. A steady state porometer (LI-1600) was used to measure the transpiration rate and calculate gH20 (mol m-2 s-'). *I', (MPa) of the leaf was estimated using 'leaf cutter' psychrometers (J.R.D. Merrill Speciality Equipment Co.) using an equilibration time of 4 h at 30°C.
All data were subjected to analysis of variance to determine the major sources of variation. In the analysis of variance, irrigation levels, hybrids, and plant ages were considered fixed, while the years were assumed random effects. Appropriate error terms (i.e. interactions involving years; 18) were used to test main effects and interaction terms, to calculate coefficients of variation, and for mean separation tests.
To meet our objective, (a) means and ranges were used to characterize the magnitude of genetic variation for A and g as a function of plant age and water supply; (b) regression analysis of A on g was used to find the genetic differences in intrinsic gas exchange efficiency among the sorghum hybrids;
(c) regression analysis of A and g on 'I', was used to study the hybrid sensitivity to increasing water stress; and (d) G x E interaction analysis as described by Eberhart and Russell (5) was used to identify A and g responses of individual hybrids relative to the population as the environment changed (age and water stress).
RESULTS AND DISCUSSION
Analysis of variance revealed that significant differences (P <0.01) existed among the hybrids for A and g (analysis of variance not shown). All the interactions of hybrids with irrigations, plant age, and irrigations x plant age were significant (P < 0.01). Thus, the performance of the hybrids varies with age and water supply, confirming previous results (10, 14) .
The mean A and the range among genotypes at various plant ages and water supplies within each plant age are depicted in Figure 1 . The general response of A to increasing plant age was similar to that reported by Krieg and Hutmacher (15) . Assimilation rate was high during vegetative growth but declined rapidly (25-30% loss in A) during grain filling even under well-watered conditions. Water stress was apparent due to irrigation treatment at each plant age sampled and A was reduced by water stress. Relative to the means a greater range in A among the hybrids was observed under water stressed conditions as compared with well-watered conditions. No apparent differences in growth stage sensitivity existed in the response of A to water stress. Stomatal conductance followed a pattern similar to A reflecting the association between A and g (data not shown).
The slope of the regression of A versus g indicates intrinsic gas exchange efficiency. A linear relationship between A and g (A = 3.59 + 73.64 (g); r2 = 0.76) was observed when pooled over all the hybrids and environments. Because of the high association between A and g, Cowan and Farquhar (4) proposed the concept of optimal stomatal function. Based on this, Tanner and Sinclair (19) stated that there may be little opportunity to increase A without increasing g. However, Kuppers et al. (16) and Kuppers and Schulze (17) reported independent responses of A and g to environmental factors offering at least the opportunity for genetic variation in the A-g relationship.
Although A and g increased concurrently, significant variation existed in the slope of the A versus g regression among the 30 hybrids used in this experiment. The slopes ranged from 25.13 to 92.46. For the purpose of this paper, we have chosen to demonstrate the response of groups of hybrids falling below, above, or on the mean slope of the hybrids (Fig.  2) . Sixteen of the 30 hybrids had slopes not significantly different from the mean of the population. Seven were significantly (P c 0.05) higher than the mean and seven were significantly (P c 0.05) lower. Hybrids having Tx623 as the female parent or SC35 as the male parent were predominant in the group having a slope greater than the mean. When Tx623 was the male parent or SC35 was the female parent, the corresponding hybrids were below the mean slope. Regression analyses ofthe A versus g relationship across years, water supplies, and growth stages not only revealed genetic variation in the rate of change of A with increasing g, but also revealed potential genetic control as indicated by the significant differences among hybrids having common parents but serving as the female in one and the male parent in the other hybrid. Also, the r2 values ranged from a low of 0.40 to 0.83, suggesting different sensitivities of A and g to growth conditions over this series of environments.
The decline in A with increasing water stress is well documented. The ranges in T'I' were -1.0 to -1.3, -1.3 to -1.7, and less than -1.7 MPa in well watered, moderately stressed, and severely stressed treatments, respectively. As water stress increased, A decreased in all the hybrids with the rate of decline ranging from about 10% in more stable (e.g. Tx7000 x SC35) to 50% in more sensitive (e.g. Tx378 x SC599) hybrids. The responses of A and g were regressed on T'I' to evaluate the relative sensitivity of individual hybrids to water stress. The slope ofA versus T'I' regressions for the population of hybrids was -10.5 (a change of 10.5 ,umol CO2 per 1.0 MPa change in *I',) over the range of TI' from -1.0 to -2.2 MPa. Ten of the 30 hybrids had slopes comparable to the population mean. Fifteen hybrids were significantly more stable (less negative) than the mean and five were significantly more sensitive (more negative). In general, all the hybrids of Tx378 as a female parent had a slope less than the population, suggesting a very high sensitivity to declining 'K, as shown in the Figure 3 for Tx378 x SC599 (b = -18.1). In contrast, the hybrids having SC35 as a male parent had relatively low A but exhibited stability (b = -5.80) across a range of *I' (Fig.  3) . The hybrids with Tx7000, SC599, Tx430, and Tx623 as female parents were 20 to 48% less sensitive to water stress than the hybrids with these same parents as pollinators. The hybrids depicted in Figure 3 showed a crossover point of about -1.80 MPa, corresponding to stomatal closure at this T' (11) . These results again suggest potential genetic control (i.e. importance of the choice of parent and direction of the cross) on the sensitivity of A to water stress.
Stomatal conductance (g) declined with increasing water stress in all the hybrids (data not shown). However, the trends were not as clear for g as for A, as indicated by lower slopes (ranged from 0 to -0.3) and r2 values (c0.30) for g. The higher correlation coefficients between T' and A as compared with TI' and g suggests that the g may be responding independently of A to different environmental factors as suggested by Kuppers et Figure 4 . The hybrid Tx378 x Tx7000 had a slope of0.95 for A, with deviations from regression not significantly different from zero (P c 0.05). This hybrid also had the highest mean across all environments for both A (51.3 Amol m-2 s-') and g (0.31 mol m-2 s-'). Consequently, this hybrid with a high mean A, b = 1, and zero deviation from regression, can be classified as an 'ideal' hybrid, according to Eberhart and Russell (5) . The hybrid Tx378 x SC599 represents that group in which A is very sensitive to poor conditions but very responsive to good conditions. The hybrid SC35 x SC599 maintained a very stable A over a wide range ofenvironments. The higher A under poor conditions of SC35 x SC599 may be due to the presence of nonsenescent characteristics in both parents.
In conclusion, significant genetic variation was observed for A and g in grain sorghum hybrids. The variation suggested that selection is possible to increase physiological processes which influence WUE. The large variation in A-g relationship suggests that an association between these traits may not be species specific, and thus a possibility exists to select for increased A without large increases in g. However, because of the strong genetic control on A (13) and independent responses of A and g (16, 17) , it may be better to impose selection for increased A. Since the Ca did not vary more than 10 yL L' during the period of data acquisition, this variation in A versus g among hybrids suggests that the ratio of Ci/Ca may not be constant. Therefore, opportunity exists to impose selection on sorghum hybrids for increased WUE. The relationships of A versus Tw and A versus g revealed that the direction of the cross was important in dictating the responsiveness to the improving environments.
